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7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH'LDPRQG&RQJUHVV.IW
Keywords:%LRVSKHUHFRPSDWLELOLW\RIFLWLHVFORVHGHFRORJLFDOOLIHVXSSRUWV\VWHPVPDWKHPDWLFDOPRGHOOLQJSKRWRELRUHDFWRUWUHDWPHQWSODQWV
,QWURGXFWLRQ
2QHRI WKHELJJHVWSUREOHPVRIPHJDORSROLVHV LV WKHKXPDQRUJDQLFZDVWHGLVSRVDO$FFRUGLQJ WR WKH81 WKH
ZRUOG YROXPH RI ZDVWHZDWHU LV DERXW  NPñ SHU \HDU  RI ZKLFK HLWKHU KDV LQVXIILFLHQW WUHDWPHQW RU LV
GLVFKDUJHGZLWKRXWWUHDWPHQWDWDOO,QDGGLWLRQWRWKHHQYLURQPHQWDODVSHFW WKHSUREOHPKDVVLJQLILFDQWHFRQRPLF
FRQVHTXHQFHVEHFDXVHWKHHOHFWULFLW\H[SHQGHGIRUZDWHUWUHDWPHQWLQGHYHORSHGFRXQWULHVLVEHWZHHQDQGRI
WKHZKROHHOHFWULFLW\WKDWLVSURGXFHG

2UJDQL]DWLRQRIKXPDQZDVWHWUHDWPHQWLVRQHRIWKHPRVWLPSRUWDQWSDUWVRIWKHXUEDQGHYHORSPHQWSURMHFWV7KH
FXUUHQWWUHQGLVWRFUHDWHWUHDWPHQWV\VWHPVZKLFKDUHFHQWUDOL]HGDVPXFKDVSRVVLEOH,GHDOO\ WKHUHVKRXOGEHQR
LQGLYLGXDORUVPDOOV\VWHPV7KHUHLVDFRQVLGHUDWLRQWKDWLQWKLVFDVHWKHHFRORJLFDOVLWXDWLRQFDQEHIXOO\FRQWUROOHG
+RZHYHU VXFK RUJDQL]DWLRQ RI SURFHVV KDV VLGH HIIHFWV )LUVWO\ LW LV WKH SRVVLELOLW\ RI RFFXUUHQFH RI HQRUPRXV
HQYLURQPHQWDO GDPDJH LQ FDVH DQ LQFLGHQW DW WKH FHQWUDO WUHDWPHQWSODQW6HFRQGO\ WKHQHHG IRU FRQVWUXFWLRQ DQG
PDLQWHQDQFHRIVHZHUOLQHVRIODUJHOHQJWKVRPHSUREDELOLW\RIGHIHFWVRIVHZHUDJHLQWHJULW\DQGXQWUHDWHGVHZDJH
OHDNDJH 7KLUGO\ WUHDWPHQW IDFLOLWLHV RFFXS\ ODUJH DUHDV GHIRUPLQJ WKH QDWXUDO ODQGVFDSHV $GGLWLRQDOO\ DV
PHQWLRQHGFXUUHQW WUHDWPHQW WHFKQRORJLHVDUHKLJKO\HQHUJ\LQWHQVLYH/HWXVJLYHVRPHRI WKHILJXUHVZKLFKDUH
W\SLFDO IRU WKH DYHUDJH (XURSHDQ FLW\ ZLWK SRSXODWLRQ RI DERXW  SHRSOH :LWKLQ WKH DFWXDO ZDVWHZDWHU
WUHDWPHQWWHFKQRORJ\IDFLOLWLHVDUHORFDWHGRQWKHVTXDUHDERXWKHFWDUHVIRUVXFKDFLW\FRQVXPHDERXW0:
RIHOHFWULFLW\DQGUHTXLUHPDLQWDLQLQJNPRIVHZHUDJHQHWZRUN

:HRIIHUDQHZDQGGDULQJFRQFHSWRIORFDOWUHDWPHQWIDFLOLWLHVVPDOOREMHFWVZLWKWKHDELOLW\WRVFDOHWKHYROXPH
WKDWFDQEHORFDWHGLQWKHLPPHGLDWHRIEXLOGLQJVDQGGLUHFWO\LQVLGHWKHEXLOGLQJWKHSULQFLSOHRIZKLFKLVEDVHGRQ
DFORVHGF\FOHELRORJLFDOWUDQVIRUPDWLRQRIPDWWHU7KHPDLQUHTXLUHPHQWLVWKHFRPSOLDQFHZLWKWKHSULQFLSOHRIWKH
ELRVSKHUHFRPSDWLELOLW\ WR VXFK IDFLOLWLHV 7KH WHUP %LRVSKHUH &RPSDWLEOH (FRQRPLF $FWLYLW\ RU %LRVSKHUH
&RPSDWLELOLW\PHDQVDQDFWLYLW\WKDWXVHVWHFKQRORJ\EDVHGRQWKHSULQFLSOHVDQGODZVRIIXQFWLRQLQJRIELRORJLFDO
V\VWHPVSULQFLSOHVRIVHOIHFRORJLFDOFRPPXQLWLHVDQGFORVHGFLUFXLWXQLWVRIPDWWHUDQGHQHUJ\

:HPDNHDVWDUWIURPWKHH[SHULHQFHRIFUHDWLRQRI WKHFORVHGORRSELRORJLFDO OLIHVXSSRUWV\VWHPV/66V WKDW
LQLWLDOO\ZDVEHLQJGHYHORSHGIRUORQJWHUPVSDFHIOLJKWV1RRWKHUILHOGRIVFLHQFHKDVLQIOXHQFHGLPDJLQDWLRQDQG
YLVLRQPRUH WKDQ WKH UHVHDUFK DQG RXWFRPHV UHODWHG WR VSDFH H[SORUDWLRQ HLWKHU LW LV LQ WHUPV RI VFLHQFH IDFW RU
VFLHQFH ILFWLRQ$QDO\VLVRI WKHRSSRUWXQLWLHV DQGSURVSHFWVRIXVLQJYDULRXV VSDFH WHFKQRORJLHV IRUGHVLJQLQJ WKH
V\VWHPVRQ WKH(DUWK WKDWPD\EHGHVFULEHGDVEHLQJVXVWDLQDEOHKDVEHHQJLYHQE\>@ ,Q WKHVVRI WKH ODVW
FHQWXU\E\DVHULHVRIVXFFHVVIXOH[SHULPHQWVZLWKVXFKNLQGRIV\VWHPVWKHSRVVLELOLW\WREXLOGDQDUWLILFLDOFORVHG
HFRV\VWHP IXOO\ XWLOL]LQJ KXPDQ ZDVWH ZDV SURYHG > @ :H GHYHORS WKH LGHD WR DSSO\ WKLV DSSURDFK WR WKH
ZDVWHZDWHUWUHDWPHQWV\VWHPVIRUWHUUHVWULDOFRQXUEDWLRQV
7KH3URMHFW&RQFHSW
2EYLRXVO\ WKH LPSOHPHQWDWLRQ RI WKH LGHD RI FORVHG ZDVWHZDWHU XWLOL]DWLRQ V\VWHPV VLPLODU WR ELRORJLFDO OLIH
VXSSRUW V\VWHPV IRU VSDFH VWDWLRQV LV DVVRFLDWHG ZLWK GLIILFXOWLHV LQ WHUUHVWULDO FRQGLWLRQV )LUVWO\ WUDGLWLRQDOO\
ELRORJLFDOOLIHVXSSRUWV\VWHPVDUHFRQVLGHUHGH[WUHPHO\HQHUJ\LQWHQVLYH6HFRQGO\EDODQFLQJRIWKHSURFHVVHVIRU
VPDOOYROXPHIDFLOLWLHVXQGHUFRQGLWLRQVRIUDQGRPO\IOXFWXDWLQJZDVWHZDWHUYROXPHVLVDUDWKHUGLIILFXOWWDVN

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,QWKHVWXG\WRRYHUFRPHWKHVHGLIILFXOWLHVZHXVHWKHIROORZLQJNH\LQQRYDWLYHDSSURDFKHV

• ,PSOHPHQWDWLRQRIFORVLQJV\VWHPWKURXJKR[LGDWLRQSURFHVVHVIRUH[DPSOHFRPEXVWLRQRIUHVLGXDOELRPDVVRU
XVLQJPLFURELDOIXHOFHOOVZKDWLVSRVVLEOHWRSHUIRUPRQ(DUWKWRFUHDWHHQHUJ\HIILFLHQWV\VWHP
• %DODQFHFRQWURORIVXEVWDQFHVLVSHUIRUPHGE\DQDXWRPDWHGFRQWUROV\VWHPDWWKHEDVLVRIZKLFKOLHVDGLUHFW
PDWKHPDWLFDOPRGHOLQJRIELRFKHPLFDOSURFHVVHVLQZDVWHZDWHUWUHDWPHQWSODQWVXVLQJWKHODWHVWDGYDQFHVLQWKH
WKHRU\RIFRQVWUDLQHGRSWLPL]DWLRQLQWKHIRUPRISDUWLDOGLIIHUHQWLDOHTXDWLRQV

'XULQJ WKHV V DW ,QVWLWXWHRI%LRPHGLFDO3UREOHPVDQG ,QVWLWXWHRI%LRSK\VLFVRI5XVVLDQ$FDGHP\RI
6FLHQFHVWKHUHZHUHVHYHUDOH[SHULPHQWVZLWKHFRORJLFDO//6VEDVHGRQWKHIROORZLQJOLQNVRIWKHHFRORJLFDOFKDLQ
PLFURDOJDHPLQHUDOL]DWLRQKXPDQDQGPLFURDOJDHPLQHUDOL]DWLRQKLJKHUSODQWVKXPDQ>@$VWKHSURMHFW
EHLQJLPSOHPHQWHGFXUUHQWO\WKH0(/L66$SURMHFW0LFURHFRORJLFDOOLIHVXSSRUWV\VWHPRIWKH(XURSHDQ6SDFH
$JHQF\ VKRXOG EH PHQWLRQHG ,Q WKLV SURMHFW VFLHQWLVWV SODQ WR LQFOXGH RQH PRUH KHWHURWURSKLF OLQN ± DQLPDOV
QDPHO\ILVKHV>@

,QDOOW\SHVRIFORVHGHFRORJLFDO//6VDOJDHLVDEDVLFHOHPHQWOLQNRI//6ZKLFKDOORZVUHJHQHUDWLQJWKHDLU
DQGZDWHUFRPSOHWHO\DQGSURYLGHV>@

• 3DUWLDOQLWURJHQF\FOHE\ZD\RIWKHIXOOXVHRIKXPDQXULQHQLWURJHQE\XQLFHOOXODUDOJDH
• &OHDQLQJWKHDWPRVSKHUHRIDKHUPHWLFYROXPHIURPYDULRXVZDWHUVROXEOHJDVHRXVFRQWDPLQDQWVWKURXJKWKHLU
IXOODEVRUSWLRQDQGXWLOL]DWLRQLQDSKRWRUHDFWRUE\DOJDHDQGDWWHQGDQWPLFURRUJDQLVPVSKRWRUHDFWRULVDQ
XQLYHUVDOUHVHWWDEOHK\GURELRORJLFDOILOWHU
• 2SWLPL]DWLRQRIDLULRQDQGDHURVROFRPSRVLWLRQRIWKHDWPRVSKHUH
• 6WDELOL]LQJRIFRQWHQWRIZDWHULQVROXEOHLPSXULWLHVPHWKDQHFDUERQPRQR[LGHHWFE\ZD\WKHLUDGVRUSWLRQRQ
WKHDOJDHFHOODQGPLFURRUJDQLVPVXUIDFHDQGWKHVXEVHTXHQWUHPRYDORIWKHJURZQELRPDVVIURPWKHV\VWHP
• 2XVWLQJPLFURIORUDLQFOXGLQJSDWKRJHQLFWRKXPDQVIURPPLFURELRFHQRVLVE\DFRPSHWLWLYHUHODWLRQVKLS

)RURXUWDVNWKHVWUXFWXUH0LFURDOJDH+XPDQ0LQHUDOL]DWLRQRSWLRQKDVEHHQFKRVHQDVFHQWUDODQGFRQWUROODEOH
FRUHRIV\VWHP,Q WKLVFDVH LW LVSRVVLEOH WRFRQVLGHURXU WUHDWPHQWSODQWDVDVHWRIDUWLILFLDODTXDWLFHFRV\VWHPV
&RPSRQHQWV RI DTXDWLF HFRV\VWHPV DUH QRW GLIIHUHQW IXQFWLRQDOO\ IURP WKH FRPSRQHQWV RI WHUUHVWULDO HFRV\VWHPV
+RZHYHUWKHUHDUHVRPHIHDWXUHV2UJDQLVPVLQWKHZDWHUELRFKHPLFDOO\DUHFORVHO\UHODWHGWRWKHLUHQYLURQPHQWDQG
GHSHQGRQWKHFRQFHQWUDWLRQRIVROXEOHVXEVWDQFHV'XHWRWKHZDWHUGHQVLW\ZKLFKLVFRQVLGHUDEO\JUHDWHUWKDQRI
DLU PDQ\ DTXDWLF RUJDQLVPV DUH IUHHIORDWLQJ 7KH ZDWHU FRQVLVWV RI VSDWLDOGLVWULEXWHG VXVSHQGHG VXEVWDQFHV
PLFURDOJDH DQG PLFUREHV 7KH ZDWHU DOVR FUHDWHV WKH SRVVLELOLW\ RI ELRFKHPLFDO OLQNV EHWZHHQ FRPPXQLWLHV RI
K\GURELRQWVWKURXJKWKHDOORFDWLRQRIPDQ\RUJDQLVPVR[\JHQFDUERQGLR[LGHDQGYDULRXVPHWDEROLFSURGXFWVLQWR
WKHZDWHU 7KHVH VXEVWDQFHV WR[LF RU RQ WKH FRQWUDU\ VWLPXODWLQJ RWKHU RUJDQLVPV IRUP WKH QHWZRUN E\ZKLFK
RUJDQLVPV DUH FRQQHFWHG LPSOLFLWO\ZLWKRXW GLUHFW FRQWDFW 7KLV IHDWXUH RI DTXDWLF HFRV\VWHPV DOORZV GHVFULELQJ
WKHLUSURFHVVHVTXLWHHIILFLHQWO\YLD WKH ODZVRI PDWWHUFRQVHUYDWLRQ LQ WKHIRUPRI5HDFWLRQ$GYHFWLRQ'LIIXVLRQ
HTXDWLRQV $V D UHVXOW ZH KDYH DQ HIIHFWLYH WRRO WR FUHDWH D UHOLDEOH V\VWHP IRU PRQLWRULQJ DQG FRQWURO 7KH
IXQFWLRQDOGLDJUDPRIWKHPRGHO0LFURDOJDH+XPDQ0LQHUDOL]DWLRQLVVKRZQLQ)LJ7KHGLDJUDPKDVDVLPSOLILHG
IRUPEXWUHIOHFWVWKHPDLQVWUHDPVRIPDWWHU
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
)LJ6FKHPDWLFGLDJUDPRIWKHSKRWRELRORJLFDOWUHDWPHQWSODQWOLJKWJXLGHSKRWRUHDFWRUPLFURELDOIXHOFHOOFLUFXODWLQJ
R[LGDWLRQFKDQQHOELRUHDFWRUPLQHUDOL]HUSRVWWUHDWPHQWK\GURSRQLFIDFLOLWLHVFRPSRVWHU
6WDELOLW\ DQG UHOLDELOLW\ RI WKH VWUXFWXUH0LFURDOJDH+XPDQ0LQHUDOL]DWLRQ LV LPSOHPHQWHG E\ FRQWUROOHG IORZ
FLUFXODWLQJ EHWZHHQ D ELRUHDFWRUPLQHUDOL]HU DQG SKRWRUHDFWRU FXOWLYDWLQJ DOJDH 7KLV FRPELQDWLRQ RI V\VWHPV
LPSOHPHQWWKHQDWXUDOVHOISXULILFDWLRQSURFHVVHVEXWZKLFKDUHLQWHQVLILHGPDQ\WLPHVRYHU7KHVWUXFWXUHFDQEH
LQWHJUDWHGLQWRDUHVLGHQWLDOEXLOGLQJLQWKHIRUPRIWKHIROORZLQJFRPELQDWLRQVRIHOHPHQWVSUHVHQWHGLQ)LJ

2UJDQLF VXEVWDQFHV DUH R[LGL]HG LQ WKH PLQHUDOL]HU  PDLQO\ GXH WR R[\JHQ ZKLFK LV IRUPHG LQ WKH
SKRWRELRUHDFWRU7KXV WKHNH\XQLW WKHSRLQWRIFRQWURORISXULILFDWLRQSURFHVVHIILFLHQF\ LV WKH IORZGLVWULEXWLRQ
V\VWHPZKLFKFRXOGUHJXODWHIORZUDWHRIR[\JHQDWHGOLTXLGUHWXUQLQJLQWRWKHV\VWHPLHFRPLQJIURPWKHGHYLFH
SKRWRUHDFWRUFXOWLYDWLQJDOJDHWRWKHGHYLFHELRUHDFWRUPLQHUDOL]HU

7KHUHLVDOVRSRVVLELOLW\RIKDYLQJWZRH[WUDFRQWUROVLQDV\VWHP7KHILUVWLVEORZLQJWKHDGGLWLRQDODLUIORZLQWR
WKHELRUHDFWRUPLQHUDOL]HULQVRPHG\QDPLFUHJLPH)RUH[DPSOHLWLVQHFHVVDU\WRVXSSO\R[\JHQWREDFWHULDLQWKH
GDUNZKHQWKHUHLVQRHQRXJKR[\JHQSURGXFHGE\DOJDH7KHVHFRQGLVIOXHJDVHVLQMHFWLQJLQWRWKHSKRWRUHDFWRU
IRUVXSSOHPHQWDU\EDFWHULDQXWULWLRQ,QMHFWLRQRIDLUDQGIOXHJDVHVFDQEHFDUULHGRXWWKURXJKVDWXUDWRUVGHYLFHVIRU
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GLVVROXWLRQ6HSDUDWLRQRIVOXGJHELRPDVVRFFXUVLQDGHVLOWHURQHSDUWJRHVEDFNLQWRWKHUHDFWRUDQGWKHH[FHVVLV
UHPRYHGIURPWKHV\VWHP5HVLGXDOELRPDVVFDQEHXVHGDVUDZPDWHULDOVIRUWKHSURGXFWLRQRIHOHFWULFLW\WKURXJK
VRPHR[LGDWLRQSURFHVVWRFORVHV\VWHP7KHUHFDQEHGLIIHUHQWDSSURDFKHVPHWKDQHWDQNVELRGLHVHOFRPEXVWLRQ
FRPSRVWLQJ PLFURELDO IXHO FHOOV (YHU\RQH KDV LWV RZQ SURV DQG FRQV 7KH PDLQ WKLQJ LV WKDW WKH R[LGDWLRQ
JHQHUDWHVHQHUJ\DQG&2ZKLFKDUHXVHGLQWRWKHV\VWHPWKHQDJDLQ
7KH(FRORJLFDO(FRQRPLF9LDELOLW\RIWKH3URMHFW
7KHSURSRVHGSXULILFDWLRQV\VWHPPD\KDYHDZLGHUDQJHRILPSOHPHQWDWLRQV7KHXVHRIORFDOWUHDWPHQWIDFLOLWLHV
KDVHVSHFLDOO\ LPSRUWDQW UHDVRQV LQ WKHFRQVWUXFWLRQRIKLJKULVHEXLOGLQJV 1RZDGD\VSURMHFWVRIQHZJHQHUDWLRQ
EXLOGLQJV LQWHQGHG WR  WKRXVDQG LQKDELWDQWV DUH EHLQJ GHYHORSHG DFWLYHO\ /HW XV XVLQJ WKH QDPH RI WKH
IDPRXV&KLQHVH SURMHFW >@ FDOO WKHP6N\&LW\OLNH&RQVWUXFWLQJ VXFKNLQGRIEXLOGLQJVZLWKLQ WKH IUDPHRI WKH
DOUHDG\HVWDEOLVKHGPHJDORSROLVLQIUDVWUXFWXUH OHDGVWRVXEVWDQWLDO LQFUHDVHRISRSXODWLRQGHQVLW\DQGKHQFHRIWKH
ORDG RQ WKH H[LVWLQJ XWLOLW\ QHWZRUNV 3XWWLQJ LQWR RSHUDWLRQ D QHZ6N\&LW\OLNH VN\VFUDSHU GHPDQGV VXEVWDQWLDO
UHQRYDWLRQRIWKHVHZHUV\VWHPWRLQFUHDVHFDSDFLW\ZKDWUHTXLUHVZHLJKW\WLPHODERUDQGPRQH\FRVWV7KHORFDO
ZDWHUSXULILFDWLRQV\VWHPLVDIXQGDPHQWDOVROXWLRQRIWKLVSUREOHP$OVRE\XVLQJVPDOOYROXPHELRORJLFWUHDWPHQW
IDFLOLWLHVZHFDQDYRLGRIWKHODUJHHQHUJ\FRQVXPSWLRQIRUZDWHUVXSSO\ZLWKLQKLJKULVHEXLOGLQJV

2WKHUHFRQRPLFLQFHQWLYHIRUWKHXVHRIWKHZDWHUSXULILFDWLRQV\VWHPRQDEDVHRIPLFURDOJDHLVWKHSRVVLELOLW\RI
UHGXFLQJHQHUJ\FRQVXPSWLRQRIWKHEXLOGLQJE\DWOHDVWVLQFHLQKHUHQWO\SKRWRELRUHDFWRUVDFWDVVRODUSDQHOV
WKDW FRQYHUW VRODU UDGLDWLRQ LQWRYDULRXV IRUPVRI HQHUJ\ LQFOXGLQJHOHFWULFLW\)RU H[DPSOHSKRWRV\QWKHWLF DOJDH
DQGEDFWHULDFDQ WUDQVIRUPVRODUHQHUJ\ LQWRK\GURJHQIXHOZLWKDQHIILFLHQF\RI>@%LRIXHOSURGXFWLRQ
SURYLGHVHQHUJ\LQGHSHQGHQFHDQGHFRQRPLFDWWUDFWLYHQHVVRIWKHSURMHFW7KLUGJHQHUDWLRQELRIXHOSURGXFWLRQIURP
DOJDHVKRZVWKHJUHDWHVWSURPLVHEHFDXVHDOJDHKDYHWKHKLJKSURGXFWLYLW\DQGGRQRWUHTXLUHWKHXVHRIDJULFXOWXUDO
ODQGDQGIUHVKZDWHU$OJDHKDYHWKHIDVWHVWUDWHRIJURZWKRIELRPDVVDPRQJSODQWV7KH\FDQLQFUHDVHWKHDPRXQW
RIELRPDVVWRIRXUWLPHVSHUGD\&RPSDULVRQRIRLOVHHGV>@VKRZVWKDWWKHVSHFLILFHQHUJHWLFYDOXHRIDOJDHZLWKD
SHUFHQWOLSLGFRQWHQW0:KKDLVLQWLPHVJUHDWHUWKDQWKHVDPHLQGLFDWRURIPRVWHQHUJ\VDWXUDWHG
JURXQGRLOVHHG&KLQHVH7DOORZ7UHH0:KKD7KLVSXWVVHDZHHGRQWRSRISODQWVXVHGIRUWKHSURGXFWLRQRI
IXHOV$VDVRXUFHRI UDZPDWHULDOV IRUELRIXHOXVHDOVRGLIIHUHQWFURSVFRUQZKHDW MDWURSKD UDSHVHHGRLOSDOP
VXQIORZHUPLVFDQWKXVDQGHWF+RZHYHUWKHLUXVHLVDVVRFLDWHGZLWKJUHDWGLIILFXOWLHVDVLWUHTXLUHVDVLJQLILFDQW
LQFUHDVH LQDFUHDJHDQG ODUJHVFDOH IHOOLQJRI IRUHVWV1HYHUWKHOHVV WKHPDLQ IDFWRUZKLFKGHWHUPLQHV LQDELOLW\ WR
SURGXFHELRIXHOVIURPKLJKHUSODQWVLQVXIILFLHQWDPRXQWWRUHSODFHPLQHUDORLOFRPSOHWHO\LQWKHORQJWHUPRXWORRN
LVWKHOLPLWDWLRQRISODQHWDU\IUHVKZDWHUUHVHUYH

$WWKHVDPHWLPHZLWKDOOPHQWLRQHGDGYDQWDJHVWKHUHTXLUHGTXDOLILFDWLRQRIWKHSHUVRQQHORSHUDWLQJWKHV\VWHP
PHHWVWKHTXDOLILFDWLRQUHTXLUHGGXULQJWKHPDLQWHQDQFHRIWKHVRFDOOHGLQWHOOLJHQWEXLOGLQJV
7KXV WKH LQWURGXFWLRQRIQHZWUHDWPHQWSODQWVRQ WKHEDVLVRISKRWRUHDFWRUVKDVERWKHFRORJLFDODQGHFRQRPLF
EHQHILWV +RZHYHU LW VKRXOG EH QRWHG WKDW WKHUH DUH VHYHUDO GHEDWDEOH PRPHQWV UHODWLQJ WR WKH YLDELOLW\ RI WKH
SURSRVHG V\VWHP 2QH RI WKH PRVW IUHTXHQWO\ DVNHG TXHVWLRQV FRQFHUQ SRWDELOLW\ RI WKH WUHDWHG ZDWHU $V ZH
PHQWLRQHGDERYHJHWWLQJWKHGULQNLQJZDWHUIURPWKHZDVWHKDVDOUHDG\EHHQLPSOHPHQWHGLQH[SHULPHQWVZLWKWKH
/66VIRUH[DPSOHLQSURMHFW%,26>@$WWKHVDPHWLPHXQGHUFXUUHQWVWDWHRIWHFKQRORJ\WKHUHLVQREHWWHU
ZD\RIZDWHUILQDOWUHDWPHQWWKDQXVLQJSKRWRUHDFWRUZLWKDOJDH$SKRWRUHDFWRUZRUNVDVDQH[FHOOHQWELRORJLFDO
ILOWHU HQVXULQJ WKH GHHSHVW UHPRYDO RI QXWULHQWV DQG DOVR DGPLVVLEOH LQGLFDWRUV RI EDFWHULDO FRQWDPLQDWLRQ WKDW
HYHQWXDOO\DOORZVUHDFKLQJSRWDELOLW\>@+RZHYHULWPXVWEHFRQVLGHUHGWKDWWKHUHDUHTXLWHXQGHUVWDQGDEOH
UHDVRQVEHLQJSV\FKRORJLFDOLQQDWXUHZKLFKPLJKWFDXVHDUHIXVDOWRXVHWKHWHFKQRORJ\ZLGHO\:HZRXOGOLNHWR
SRLQWRXWWKDWSURYLGLQJFOHDQGULQNLQJZDWHUIRULQKDELWDQWVDGGLWLRQDOO\GRHVQRWFRQWUDGLFWWKHEDVLFSURMHFWLGHD
:DWHUFRQVXPHGGLUHFWO\ IRUGULQNLQJDQGIRRG LVRQO\D VPDOOSDUWRI LWV WRWDO UDWH$OVR LUUHFRYHUDEOH ORVVHVRI
ZDWHU IURP WKHV\VWHPKDYH WREHFRPSHQVDWHG7RWDOO\D UHVHUYHZDWHUGHOLYHU\ IURP WKHFLW\ZDWHU VXSSO\ZLOO
KDYHWRUHSOHQLVKRQO\RIDOOZDWHUFRQVXPSWLRQYROXPHDFFRUGLQJWRH[SHULHQFHH[SORLWDWLRQRIELRORJLFDO
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/66V7KXVLQDQ\FDVHZHKDYHDSSUR[LPDWHO\DWHQIROGVDYLQJRIHQHUJ\FRQVXPSWLRQIRUZDWHUVXSSO\ZLWKLQ
KLJKULVHEXLOGLQJV

7KHVHFRQGGLVSXWDEOHLVVXHLVWKHFRQVWUXFWLRQFRVWRIWKHGHYLFH)RUDORQJWLPHWKLVWHFKQRORJ\KDVEHHQKHOG
EDFNEHFDXVHRIWKHSULFHRIRQHVTXDUHPHWHURISKRWRELRUHDFWRUVPDGHRIJODVVDQGVWHHOWKDWH[FHHGVWKHFRVWRI
VRODUSDQHOV+RZHYHUWKHXVHRIPRGHUQPHPEUDQHVWUXFWXUHVIURP(WK\OHQHȿHWUDIOXRURHWK\OHQHFDQVLJQLILFDQWO\
UHGXFHWKHFRVWRIFRQVWUXFWLRQ>@$VDQH[DPSOHRIWKHXVHRIWKHVHPDWHULDOVIRUSKRWRELRUHDFWRUVZHFDQUHIHU
WRWKHSDYLOLRQZLWKSKRWRELRUHDFWRULQWHJUDWHGLQDUFKLWHFWXUDOVKHOO8UEDQ$OJDH&DQRS\GHYHORSHGE\HFR/RJLF
6WXGLRZKLFKZLOOEHEXLOWIRUWKHLQWHUQDWLRQDOH[KLELWLRQ([SR0LODQRQH[W\HDU>@$SKRWRUHDFWRULVWKH
PRVWYROXPHWULFSDUWRISURSRVHGWUHDWPHQWIDFLOLWLHV,QPRGHUQDUFKLWHFWXUHSURMHFWVSKRWRUHDFWRUVDUHORFDWHGRQ
WKHYHUWLFDOIDFDGHVRIKLJKULVHEXLOGLQJV7KDWORFDWLRQDOORZVDYRLGLQJRFFXSDWLRQRIEXLOGLQJXVHIXODUHD%HVLGHV
WKHLUPDLQIXQFWLRQV WKH\DOVRSHUIRUPWKHUROHRI WKHEXLOGLQJHQYHORSHVRODUFROOHFWRUVDQGDGDSWLYHV\VWHPVRI
QDWXUDOOLJKW

,Q DGGLWLRQ OHW XV QRWH VRPH HQYLURQPHQWDO DVSHFWV RI WKH XVH RI WKH V\VWHP )LUVWO\ DV PHQWLRQHG DERYH
DYRLGLQJWKHDFWXDOZDVWHZDWHUWUHDWPHQWWHFKQRORJ\FRQWULEXWHVWRWKHSUHVHUYDWLRQRIQDWXUDOODQGVFDSHVZKLFKDUH
FXUUHQWO\RFFXSLHGE\PXQLFLSDOWUHDWPHQWIDFLOLWLHV7KDWIDFWRULVSDUWLFXODUO\LPSRUWDQWLQUDSLGJURZWKFRQGLWLRQ
RIPHWURSROLWDQFLWLHVDQGDQDFXWHVKRUWDJHRIJUHHQDUHDVLQWKHP6HFRQGO\WKHSURSRVHGWUHDWPHQWSODQWFDQEH
UHJDUGHGDVDELRILOWHUZKLFKTXLWHHIIHFWLYHO\DEVRUEVJUHHQKRXVHJDV7KHV\VWHPVHUYLQJSHRSOHDEVRUEV
NJRI&2SHUGD\DQGSURGXFHVDSSUR[LPDWHO\WKHVDPHDPRXQWRIR[\JHQDVKHFWDUHVRIIRUHVW>@$OORI
WKHDERYHDOORZVXVWRVD\WKDWWKHSURSRVHGWHFKQRORJ\PHHWVWKHUHTXLUHPHQWVRIELRVSKHUHFRPSDWLELOLW\
6LPXODWLRQDQG&RQWURORI0LFURDOJDH0LQHUDOL]DWLRQ+XPDQ6WUXFWXUH
'\QDPLFVRIHOHPHQWDU\YROXPHELRFKHPLFDOUHDFWRUFDQEHZULWWHQLQYHFWRUIRUPXVLQJWKHODZVRIFRQVHUYDWLRQ
RIPDVVDQGPRPHQWXPDVDQDUWLILFLDOHFRV\VWHP>@
&  & C U grad div D grad W
t
∂
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ZKHUH      & &            m n m nC C S S S X X X+= = LVWKHYHFWRURIFRQFHQWUDWLRQVRIVXEVWDQFHVZKLFK
LQFOXGHV HOHPHQWV GHVFULELQJ FRQFHQWUDWLRQV RI ELRJHQV iS %2' &2' DPPRQLD QLWURJHQ QLWUDWHV SKRVSKDWHV
R[\JHQFDUERQGLR[LGHFHOOTXRWDVDQGFRQFHQWUDWLRQVRIGLIIHUHQWNLQGVRIPLFURRUJDQLVPV iX GLIIHUHQWNLQGVRI
PLFURDOJDHNLVWKHPDWUL[RIVWRLFKLRPHWULFFRHIILFLHQWV > @m n l+ × ZKHUHlLVWKHQXPEHURISURFHVVHVOHDGLQJ
WRFKDQJLQJRIFRQFHQWUDWLRQ μ LVWKHYHFWRURIWKHUDWHVRIELRFKHPLFDOUHDFWLRQVWLVWKHUHDFWLRQWHUPDLVWKH
YHFWRURIGLIIXVLRQFRHIILFLHQWVULVWKHIORZYHORFLW\YHFWRUPLVSUHVVXUHGLVWKHYHFWRUILHOGRIPDVVIRUFHVν 
LVYLVFRVLW\ȡLVGHQVLW\

'HWHUPLQLQJWKHUHDFWLRQIXQFWLRQKDVDOZD\VEHHQDFRPSOLFDWHGDQGGHEDWDEOHLVVXH7KHUHDUHVHYHUDOFODVVLFDO
DSSURDFKHV WR WKH GHVFULSWLRQ RI WKH UHDFWLRQ PHPEHU 1DPHO\ 0RQRG IXQFWLRQV >@ ZKLFK DUH VXLWDEOH IRU
FKHPRVWDWOLNH V\VWHPV ZKHUH JURZWK UDWH RI PLFURRUJDQLVPV LV OLPLWHG E\ WKH VXEVWUDWH FRQFHQWUDWLRQ PRUH
FRPSOH[ IXQFWLRQV WDNLQJ LQWR DFFRXQW WKH FRQFHQWUDWLRQ RI LQWUDFHOOXODU UHVRXUFHV >@ >@ 1RZDGD\V IRU
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G\QDPLF PRGHOLQJ RI ELRORJLFDO WUHDWPHQW IDFLOLWLHV PLQHUDOLVHUV GLIIHUHQW VRIWZDUH DUH XVHG *36;:(67
672$7HWFZKLFKDUHXVXDOO\EXLOWRQVWDQGDUGPRGHOVZLWKDFWLYDWHGVOXGJH$60$FWLYH6OXGJH0RGHO>
@+RZHYHULWVKRXOGEHQRWHGWKDWDWWKHPRPHQWWKHUHDUHQRXQLYHUVDODSSURDFKHVDQGWKHPHWKRGVGHVFULEHG
DERYHFDQEHRQO\DSSOLHGWRDFHUWDLQQDUURZFODVVRISUREOHPV:HEHOLHYHWKDW LW LVDSSURSULDWH WRXVHD OLQHDU
FRPELQDWLRQRIUDGLDOEDVLVIXQFWLRQVIRUUHDFWLRQWHUPVHWWLQJ$FFRUGLQJWRWKHSULQFLSOHRIOLPLWLQJIDFWRUV>@
DQGWKHODZRIFXPXODWLYHHIIHFWVRIIDFWRUV>@)RUHYHU\OLYLQJRUJDQLVPWKHUHLVDQHQYLURQPHQWDOQLFKH
RXWVLGH RIZKLFK LWV LQKLELWLRQ RUGHDWKRFFXUV ,QRWKHUZRUGV WKH ELRFHQRVLV VWDWH LV GHWHUPLQHGE\ WKH VXPRI
UDGLDOEDVLVIXQFWLRQVRIZHOOEHLQJLQWKHSKDVHVSDFHRIHQYLURQPHQWDOIDFWRUV
( )PD[


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ZKHUHZLWKLQWKHiWKELRFKHPLFDOSURFHVV PD[ijμ LVWKHPD[LPXPJURZWKUDWHRIWKHPLFURRUJDQLVP jɏ  i jXΩ LV
WKHVHWRIVXEVWDQFHVDIIHFWLQJFKDQJHLQWKHFRQFHQWUDWLRQRIPLFURRUJDQLVP jɏ 

i j kS LVWKHRSWLPXPYDOXHRIWKH
FRQFHQWUDWLRQ kS ZKLFK SURYLGHV WKH PD[LPXP JURZWK UDWH RI WKH PLFURRUJDQLVP jɏ  i j kσ LV WKH UDGLXV RI
WROHUDQFHRI jɏ WR kS 


Reactor-Mineralizer  
2D Photoreactor 1D 
Excretion of 
excess sludge 
from the system 
for further 
processing 
Algae Desilter 
2D 
Desilter 
2D 
Excretion of 
excess algae  
from the system 
for further 
processing 
Control: flow rate of 
oxygenated liquid 
returning into the system 
Control: flow rate of 
liquid with sludge 
returning into the system 
Control: flow rate of 
liquid with algae 
returning into the system
Control: concentration 
of flue gases 
Control: flow rate Control: flow rate  
Control: power of external force 
(power of mixer) 
Significant area: constraints on 
the concentration of phosphorus, 
nitrogen,BOD, COD  
Significant area: 
constraints on the 
concentration of sludge
Significant area: 
constraints on the 
concentration of algae 
Wastewater 
Purified water 
Significant area: constraints on 
the concentration of phosphorus, 
nitrogen,BOD, COD  Control: increasing the 
concentration of oxygen due to 
the additional aeration 

)LJ&RPSXWDWLRQDOGRPDLQ
7KHIRUPKDVDIDLUO\FOHDUSK\VLFDOPHDQLQJDQGDOVRLWDOORZVHPEHGGLQJDVXESURFHVVRIGDWDDVVLPLODWLRQ
LQ WKH DOJRULWKPVROYLQJ WKHSUREOHP   IRU FRUUHFWLRQRIW E\ WKHXVHRI UDGLDOEDVLVQHXUDO QHWZRUNV ,W LV
SRVVLEOH WRGRRQ WKHEDVHRI DQ DGGLWLRQDO VRIWZDUH DVZHOO DVZLWKXVLQJ D VSHFLDOL]HGKDUGZDUHFKLS ,W LV DOVR
LPSRUWDQW WRQRWH WKDW WKHSURSRVHGPDWKHPDWLFDOPRGHO WDNHV LQWRDFFRXQW WKH LQKLELWLRQRIHQ]\PDWLFSURFHVVHV
DQGWKHUHIRUHLVDSSOLFDEOHIRUGHVFULELQJWKHWULJJHUSURFHVV>@

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,Q WKH ILQDOYHUVLRQRI WKHPRGHO WKH IORZHTXDWLRQV LQ VRPHHOHPHQWVRI WKH V\VWHPFDQEH UHGXFHG WR6DLQW
9HQDQWHTXDWLRQV7KHPDWKHPDWLFDOPRGHOLVIRUPXODWHGDVDERXQGDU\YDOXHSUREOHPGHILQHGRQDVWUDWLILHGVHW
FRQWDLQLQJ'DQG'7KHSUREOHPLVVXSSOHPHQWHGE\WKHLQLWLDOERXQGDU\DQGJOXLQJFRQGLWLRQVWKDWZHGRQRW
JLYHEHFDXVHRIWKHLUEXONLQHVV6LQFHDWHFKQRORJLFDOVROXWLRQIRUDUFKLWHFWXUHRIHOHPHQWVDQGGHSLFWHGLQ)LJ
KDVDYDULHW\RIRSWLRQVWKHFRPSXWDWLRQDOGRPDLQPD\WDNHDGLIIHUHQWVWUXFWXUH2QHRIWKHYDULDQWVLVVKRZQLQ
)LJ  7KH)LJ VKRZV VRPH H[DPSOHV RI FDOFXODWLRQV RI YHORFLW\ DQG VXEVWDQFH FRQFHQWUDWLRQV LQ WKH UHDFWRU
PLQHUDOL]HU



D

E

ɫ
)LJ&DOFXODWLRQVRIYHORFLW\DQGVXEVWDQFHFRQFHQWUDWLRQVLQWKHUHDFWRUPLQHUDOL]HUFLUFXODWLQJR[LGDWLRQGLWFKDYHORFLW\PRGXOXVRQWKH
URWDU\VHFWLRQE%2'FRQFHQWUDWLRQFWKHR[\JHQFRQFHQWUDWLRQ
7KHREMHFWLYHIXQFWLRQIRUWKHFRQWUROSUREOHPLVPLQLPL]LQJRIHQHUJ\FRVWVIRUDLUDGGLWLRQDOLQMHFWHGLQWRWKH
V\VWHPWKURXJKWKHVDWXUDWRUDQGRSHUDWLRQRI WKHSXPSVDQGPL[LQJGHYLFHV$OORI WKHVHFRQWUROSDUDPHWHUVDUH
µVRXUFHWHUPV¶ULJKWKDQGVLGHVRIHLWKHUHTXDWLRQVRUERXQGDU\RUJOXLQJFRQGLWLRQV
'HQRWHVRXUFHSRZHUDVYHFWRU f7KH WLPHD[LV LVGLYLGHG LQWRVHFWLRQVDQGFRQWUROVDUHDVVXPHGDVSLHFHZLVH
FRQVWDQWIXQFWLRQV7KHQWKHRSWLPL]DWLRQSUREOHPIRUHDFKLQWHUYDOZLOOKDYHWKHIROORZLQJIRUP
PLQ 
abf F
J P f
∈
=   
ZKHUHP LVWKHYHFWRUZKLFKFRPSRQHQWVDUHFRUUHVSRQGLQJRIHOHPHQWVRIYHFWRUIDQGHTXDOWRRQHLQVRXUFHV
DUHDV DQG]HUR±RWKHUZLVH  LV WKH VFDODUSURGXFWRI D VHOHFWHG IXQFWLRQ VSDFH abF LV WKH VHWRI DGPLVVLEOH
FRQWUROV 7KH FRQVWUDLQWV DUH ILUVWO\ HTXDWLRQV    ZLWK LQLWLDO ERXQGDU\ DQG JOXLQJ FRQGLWLRQV VHFRQGO\ LV
FRQVWUDLQWV RQ ZDWHU TXDOLW\ LQ VLJQLILFDQW DUHDV DW WKH OLTXLG
V H[LW SRLQW IURP HDFK RI WKH GHYLFHV 7KXV VWDWH
YDULDEOHFRQVWUDLQWVDUH
&
i ik i kp ≤ Θ ,  i m n= +   
ZKHUH
ikp DUHIXQFWLRQVHTXDOWRRQHLQ ik
WKVLJQLILFDQWDUHDDQG]HUR±RWKHUZLVH
ikΘ DUHJLYHQYDOXHV

7RVROYHFRQWUROSUREOHPZHXVHPHWKRGRIDGMRLQWHTXDWLRQVZLWKOLQHDUL]DWLRQRIWKHLQLWLDOSUREOHP$V
DUHVXOWRXUSUREOHPLVUHGXFHGWRDVHULHVRIOLQHDUSURJUDPPLQJSUREOHPVZKLFKDOORZVXVWRVLJQLILFDQWO\UHGXFH
WKHSUREOHPDQGSHUIRUPDOPRVWUHDOWLPHFRQWUROGHVSLWHWKHFRPSOH[LW\RIXQGHUO\LQJPRGHO:HKDYHGHVFULEHG
VRPHIHDWXUHVRIWKLVPHWKRGRIDGMRLQWHTXDWLRQV>@
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&RQFOXVLRQ
7KH SDSHU GHYHORSV WKH LGHD RI FORVHG ELRORJLFDOZDVWHZDWHU XWLOL]DWLRQ V\VWHPV 7KLVZRUN UHSUHVHQWV WR WKH
DXWKRUV¶EHVWNQRZOHGJHWKHILUVWDSSOLFDWLRQRIWKHRU\RIRSWLPDOFRQWURORIPXWWHUDQGPRPHQWXPFRQVHUYDWLRQV
ODZVIRUPXODWHGDVSDUWLDOGLIIHUHQWLDOHTXDWLRQVWRSUREOHPRIUHJXODWLRQRIZRUNRIFORVHGORRSWUHDWPHQWIDFLOLWLHV
)XUWKHU D FRQWUROOHG FORVHGORRSSXULILFDWLRQ V\VWHPV FDQEH LQWHJUDWHG LQ D EXLOGLQJ WKURXJK WKH VHOIVXVWDLQLQJ
LQWHUFKDQJHDEOH DQG VWDQGDUGL]HG SODWIRUPV WKH VRFDOOHG PDLQERDUGLQVSLUHG RQHV VLWXDWHG EHQHDWK D PRGXODU
KRPH DQG FRQWUROOLQJ DOO ZDWHU LQVWDOOPHQWV DQG HQHUJ\ FRPSRQHQWV QHHGHG IRU D KRXVHKROG WKDW DUH EHLQJ
GHYHORSHGE\>@ ,Q VSLWHRIDGGLWLRQDO LQYHVWPHQWV LQ WKHFRQVWUXFWLRQSKDVHRISURMHFWV UHODWHG WR WKHQHHGIRU
DGGLWLRQDO HTXLSPHQW DQG LWV LQVWDOODWLRQ WKH WRWDO FRVWV ZLOO EH ORZHU WKDQ WUDGLWLRQDO VROXWLRQV )XUWKHUPRUH
LPSOHPHQWDWLRQ RI WKH LGHD ZLOO EULQJ VLJQLILFDQW EHQHILWV LQ WHUPV RI ELRVSKHUHFRPSDWLELOLW\ RI PHJDFLW\
V
EXLOGLQJV

,QFRQFOXVLRQDVWKHIXWXUHGLUHFWLRQRIWKHGHYHORSPHQWRIWKLVFRPSOH[RIWHFKQRORJLHVZHZRXOGOLNHWRQRWH
VXFKPHWKRGVSURYLGLQJDPDWKHPDWLFDOPRGHOE\GDWDDVWKHXVHRIPLFURIOXLGLFVHQVRUVIRUFKHPLFDODQDO\VLVDQG
JHQRPHVHTXHQFLQJWHFKQRORJLHVWKDWDUHDFWLYHO\GHYHORSHGLQUHFHQWWLPHV
$FNQRZOHGJPHQWV
7KLV ZRUN LV LQ SDUW IXQGHG E\ WKH 5XVVLDQ 0LQLVWU\ RI (GXFDWLRQ ZLWKLQ WKH SXEOLF WDVN IRU 5HVHDUFK DQG
'HYHORSPHQWDSSOLFDWLRQFRGHQXPEHU
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